Wan, Ruiqian, Simonetta Camandola, and Mark P. Mattson. Dietary supplementation with 2-deoxy-D-glucose improves cardiovascular and neuroendocrine stress adaptation in rats. Am J Physiol Heart Circ Physiol 287: H1186 -H1193, 2004; 10.1152/ajpheart.00932. 2003.-Dietary restriction and physical exercise can enhance stress resistance and reduce the risk of cardiovascular disease. We investigated the effects of dietary supplementation with 2-deoxy-D-glucose (2-DG), a glucose analog that limits glucose availability at the cellular level, on cardiovascular and neuroendocrine responses to stress in rats. Young adult male Sprague-Dawley rats were implanted with telemetry probes to monitor blood pressure (BP), heart rate, body temperature, and body movements. These variables were measured at designated times during a 6-mo period in rats fed control and 2-DGsupplemented (0.4% 2-DG, fed ad libitum on a schedule of 2 days on the diet and 1 day off the diet) diets during unperturbed conditions and during and after immobilization stress or cold-water swim stress. Rats fed the 2-DG diet exhibited significant reductions in resting BP, attenuated BP responses during stress, and accelerated recovery to baseline after stress. Plasma concentrations of ACTH and corticosterone were elevated under nonstress conditions in rats fed the 2-DG diet and exhibited differential responses to single (enhanced response) and multiple (reduced response) stress sessions compared with rats fed control rat chow ad libitum. The 2-DG diet improved glucose metabolism, as indicated by decreased concentrations of blood glucose and insulin under nonstress conditions, but glucose and insulin responses to stress were maintained. We conclude that improvements in some cardiovascular risk factors and stress adaptation in rats maintained on a 2-DG-supplemented diet are associated with reduced neuroendocrine responses to the stressors. blood pressure; diabetes; glucocorticoids; heart rate; insulin resistance; preconditioning THE RISK OF CARDIOVASCULAR disease is increased by highcalorie diets, which can lead to obesity and a metabolic syndrome characterized by insulin resistance and hypertension (9, 17). Studies of mice, rats, and monkeys have shown that dietary restriction (reduced caloric intake or intermittent fasting) can increase lifespan and suppress pathogenic processes underlying the development of cancers, cardiovascular disease, and neurodegenerative disorders (1, 24, 33). Dietary restriction reduces resting blood pressure (BP) and heart rate (HR) and increases insulin sensitivity (23, 29, 31, 34) . The specific cellular and molecular mechanisms by which dietary restriction promotes health and longevity are not well understood but may involve a decrease in oxidative stress and an increase in cellular stress resistance (18, 33) . It has been proposed that the metabolic stress imposed by dietary restriction may stimulate cells to produce proteins, such as heat shock proteins and growth factors, that increase the resistance of the cells to disease (19). The beneficial effects of regular physical exercise on the cardiovascular system might also involve a similar cellular stress resistance mechanism (27). An impaired ability to adapt to physiological and psychological stress may contribute to the pathogenesis of several different disorders, including cardiovascular disease (21). Data suggest that improved stress adaptation can be accomplished by physical exercise (18) and dietary restriction (31).
THE RISK OF CARDIOVASCULAR disease is increased by highcalorie diets, which can lead to obesity and a metabolic syndrome characterized by insulin resistance and hypertension (9, 17) . Studies of mice, rats, and monkeys have shown that dietary restriction (reduced caloric intake or intermittent fasting) can increase lifespan and suppress pathogenic processes underlying the development of cancers, cardiovascular disease, and neurodegenerative disorders (1, 24, 33) . Dietary restriction reduces resting blood pressure (BP) and heart rate (HR) and increases insulin sensitivity (23, 29, 31, 34) . The specific cellular and molecular mechanisms by which dietary restriction promotes health and longevity are not well understood but may involve a decrease in oxidative stress and an increase in cellular stress resistance (18, 33) . It has been proposed that the metabolic stress imposed by dietary restriction may stimulate cells to produce proteins, such as heat shock proteins and growth factors, that increase the resistance of the cells to disease (19) . The beneficial effects of regular physical exercise on the cardiovascular system might also involve a similar cellular stress resistance mechanism (27) . An impaired ability to adapt to physiological and psychological stress may contribute to the pathogenesis of several different disorders, including cardiovascular disease (21) . Data suggest that improved stress adaptation can be accomplished by physical exercise (18) and dietary restriction (31) .
Might it be possible to mimic the beneficial effects of dietary restriction and physical exercise on the cardiovascular system by supplementing the diet intermittently with a chemical that imposes a mild metabolic stress on cells? To begin to answer this question, we fed rats a diet supplemented with 2-deoxy-D-glucose (2-DG), an analog of glucose that enters the glycolytic pathway and is phosphorylated but is not further metabolized and, therefore, effectively reduces the amount of glucose that can be used for ATP production. Previous studies have shown that intraperitoneal administration of 2-DG to rats and mice can mimic some beneficial effects of dietary restriction on the brain (5, 35) and that addition of 2-DG to the food of rats can decrease insulin levels and body temperature, two changes that occur in animals subjected to caloric restriction (11) . In the present study, we show that long-term intermittent dietary supplementation with 2-DG in rats results in decreased resting BP and HR, decreased plasma insulin and glucose levels, and enhanced cardiovascular and neuroendocrine adaptation to stress.
METHODS

Animals and surgical implantation of transmitters.
Male SpragueDawley rats (10 wk old) were purchased from Harlan Teklad (Madison, WI). Rats were maintained under controlled temperature (21-23°C) and photoperiod (lights on at 0600 and lights off at 1800 daily) conditions. All animal procedures were approved by the National Institute on Aging Animal Care and Use Committee. After 2 wk of acclimatization to their new environment, rats (320 -350 g body wt) were surgically implanted with a telemetric transmitter and housed individually after surgery. Food and water were provided ad libitum until the experimental diets were initiated. The telemetry system used in the present study was purchased from Data Sciences International (St. Paul, MN). The data collection and analysis were computerized and operated by Dataquest ART software. The system used in the present study had eight receivers (RPC-1), which allowed recording of data from eight rats simultaneously. General activity (movement within the cage), HR, diastolic, systolic, and mean BP, and core body temperature were monitored and recorded as described previously (31) .
Diets, experimental design, and stress protocols. A total of 16 rats was divided into 2 groups (8 rats per group). The control group was fed rat chow ad libitum. 2-DG was purchased from Sigma (St. Louis, MO), and rat chow supplemented with 0.4% 2-DG was made by Harlan Teklad. The rats in the 2-DG diet group were fed the 2-DGsupplemented diet and the control diet ad libitum in a repeating pattern as follows: 2 days of 2-DG, 1 day of control, 2 days of 2-DG, 1 day of control, etc. Food containers were exchanged at 1700 daily. All rats had continuous access to water regardless of the type of food supplied. The design of the study is shown in Fig. 1A . Before initiation of the experimental diets, physiological parameters were recorded during a 72-h period. Rats were then randomly assigned to one of the two diet groups. Rats were maintained on the diets for 6 mo, and physiological parameters were recorded under nonstress conditions and during and after stress sessions (Fig. 1A) . The physiological and biochemical variables were assessed under nonstress conditions at 3 and 6 mo after the 2-DG diet was initiated (Fig. 1A) . For recording under nonstress conditions, all parameters were continuously monitored for Ն72 h. Blood samples were taken (between 0900 and 1200) from rats that had been fasted overnight; in the 2-DG group, samples were taken on the morning after a day when the animals had eaten the 2-DG-supplemented food. Under isoflurane anesthesia, blood samples (2 ml) were collected from the tail vein of each rat into a tube containing K 3EDTA as an anticoagulant (Vacutainer, Becton Dickinson, Franklin Lakes, NJ). The plasma was isolated and stored at Ϫ80°C. Glutathione was added to plasma samples used to measure epinephrine and norepinephrine to prevent oxidation of these catecholamines. To examine responses to a stressor, the physiological parameters were recorded overnight before the rat was subjected to the stressor. On the day of the stress test, the rat was subjected to a restraint stress or cold-water swim stress at designated times before and after diet initiation (Fig. 1A) . All stress treatments were performed between 0900 and 1500. Blood samples were obtained immediately after the stress session. When five consecutive daily immobilization stress sessions were administered, blood samples were taken only immediately after the fifth daily stress session.
Immobilization stress and cold-water swim stress protocols were performed as described previously (31) . Before each stress session, physiological variables were recorded from each rat for 10 -20 min under nonstress conditions. Physiological variables were recorded during the 1-h immobilization stress period and for 1-2 h immediately after the immobilization. Each of the rats was subjected to a single immobilization stress session twice, 1 mo before and 2 mo after 2-DG diet initiation. Each of the rats was also subjected to a daily 1-h immobilization stress session for 5 consecutive days, which was ϳ4 mo after initiation of the 2-DG diet. The cold-water swim stress was conducted 5 mo after the 2-DG diet was initiated. No physiological variables were recorded during the 15-min swim period; all variables were recorded for 2 h immediately after the swim period.
Analyses of blood samples. Plasma insulin concentrations were measured using a commercially available ultrasensitive rat insulin ELISA kit (ALPCO Diagnostics, Windham, NH). Plasma glucose levels were measured using a glucose analyzer (Beckman Instruments, Fullerton, CA). Concentrations of ACTH and corticosterone in plasma were measured using commercially available radioimmunoassay kits (ICN Diagnostics, Costa Mesa, CA). The concentrations of epinephrine and norepinephrine in plasma were measured using commercially available catecholamine enzyme immunoassay kits (ICN Diagnostics, Orangeburg, NY).
Statistical analyses. Physiological variables during and after stress were recorded with continuous sampling; the data were presented and analyzed as mean values for each 10 min of recording. Data were analyzed using repeated-measures ANOVA followed by post hoc assessments with Student-Newman-Keuls test. One-way ANOVA followed by Student-Newman-Keuls test or Student's t-test was used for comparisons of values of glucose and hormone levels.
RESULTS
Effects of dietary 2-DG supplementation on cardiovascular responses to stress.
Body weights of the rats fed the 2-DGsupplemented diet were slightly, but not significantly, lower than those of rats fed the control diet during the course of the 25 wk after the diets were initiated (Fig. 1B) . Food consumption of rats in each group was measured 2-3 mo after the diets were initiated. Food consumption by rats in each group was similar (26.3 and 27.8 g/day for control and 2-DG diet, respectively). The physiological and behavioral variables of the rats, HR, temperature, diastolic and systolic BP, and general activity, were monitored and recorded by telemetry. These parameters were recorded continuously under nonstress conditions during a 72-h period before diet initiation and at designated times after diet initiation (Fig. 1A ). In the 2-DG diet group, there were no differences in any of the physiological variables on the days the rats were fed the 2-DG diet compared with the days they were fed the control diet (data not shown). Table 1 summarizes behavioral and physiological parameters before and 6 mo after diet initiation in each group. The results indicate that the 2-DG diet significantly affected cardiovascular function. Rats fed the 2-DG diet for 6 mo showed significantly lower HR and mean BP than those fed the control diet (P Ͻ 0.05). In rats fed the control diet, there was a significant increase in mean BP as the rats became older (P Ͻ 0.05). In . A: experimental procedures relative to approximate ages of rats. Telemetry transmitters were implanted in 3-mo-old rats. All physiological variables were obtained before initiation of dietary treatments under nonstress condition. 2-DG diets were initiated 2 mo later, and physiological variables were under nonstress conditions (3 and 6 mo after diets were initiated) or during and after immobilization (I) stress or cold-water swim stress. B: mean body weights recorded 1-25 wk after diets were initiated. 2-DG diet had no significant effect on animals' body weight compared with rats fed control rat chow (Con).
contrast, the BP of rats fed the 2-DG diet did not increase with advancing age (Table 1 ). The effect of the 2-DG diet on cardiovascular variables occurred long before 6 mo after the diet was initiated. The resting systolic, diastolic, and mean BP were significantly lower in rats fed the 2-DG diet than in those fed the control diet 2 mo after diet initiation (see PreStress in Fig. 2 ; P Ͻ 0.05). The 2-DG diet had no significant effect on levels of activity and core body temperature under nonstress conditions throughout the study (Table 1) .
We first examined and compared the responses of rats to a single 1-h immobilization stress that was first conducted before diet initiation with the responses to the same stressor 2 mo after diet initiation. In response to immobilization stress, HR and diastolic and systolic BP increased rapidly and then gradually and significantly declined during the course of the 1-h restraint period in all rats (Fig. 2) . There was no significant difference in any of the variables between the control and 2-DG groups before the diet treatment. However, after 2 mo on the 2-DG diet, diastolic and systolic BP declined during and after restraint ( Fig. 2 ; P Ͻ 0.05). The HR was lower in the 2-DG than in the control rats during and after restraint, although the reduction was less significant (P ϭ 0.08). The attenuated cardiovascular responses during and after restraint were likely attributed to the reduced resting activities (Fig. 2) . In addition, rats that had been maintained on the 2-DG diet exhibited a trend of a rapid recovery of systolic and diastolic BP after release from immobilization stress compared with rats maintained on the control diet (Fig. 2) . Interestingly, the body temperatures during stress were significantly lower in the control and 2-DG groups 2 mo after than before diet initiation (Fig. 2) . However, there were no significant differences in body temperature between the 2-DG and control groups during or after stress.
We next determined the effects of dietary supplementation with 2-DG on the responses of rats to repeated stress exposure by subjecting control and 2-DG-treated rats to immobilization stress once each day for 5 consecutive days. Rats fed the 2-DG diet had significantly lower diastolic and systolic BP during and after immobilization stress on each daily session of the five consecutive daily stress tests than rats fed the control diet. Figure 3 shows physiological variables in response to the first daily stress compared with those in response to the fifth daily stress. Systolic and diastolic BP showed consistently lower responses during and after stress in the 2-DG than in control group (P Ͻ 0.05). The diastolic BP of 2-DG rats displayed a trend of fast decline during 1 h of restraint of the fifth daily Values are means Ϯ SE of number of samples in parentheses. Con, control diet; 2-DG, 2-deoxy-D-glucose-supplemented diet. *P Ͻ 0.05 compared with Con during the same time period. †P Ͻ 0.05 compared with before dietary treatment within the same group. Fig. 2 . Cardiovascular responses to an immobilization (Immob) stress were improved in rats maintained on a 2-DG-supplemented diet for 2 mo. Physiological parameters were measured before stress, during a 1-h immobilization stress period, and for 2 h after stress. Values are means Ϯ SE (n ϭ 8). There were no significant differences in any physiological parameters between control and 2-DG groups before diet initiation. After 2 mo on the diets, rats in the 2-DG group exhibited enhanced cardiovascular stress adaptation compared with control rats. Diastolic (P Ͻ 0.05) and systolic (P Ͻ 0.05) blood pressures were significantly lower during and after stress in 2-DG than in control rats. Heart rate in response to a single immobilization was reduced in 2-DG rats as well, but the difference failed to reach a significant level (P ϭ 0.08). Body temperatures responded to immobilization stress, as indicated by a gradual increase during the 1-h period of immobilization stress. There was no significant effect of diet on body temperature during or after stress. There were no significant differences in activity levels of control and 2-DG rats before or after stress. stress ( Fig. 3 ; P ϭ 0.06). The HR during immobilization stress showed a trend of attenuated response and recovered to baseline more rapidly after release from immobilization in rats fed the 2-DG diet than in those fed the control diet (Fig. 3) . The 2-DG diet had no significant effect on body temperature during and after immobilization stress or on the activity of the rats after release from immobilization (Fig. 3) .
To determine whether the improved cardiovascular stress adaptation in rats maintained on the 2-DG-supplemented diet occurred with other kinds of stress, we subjected all rats to a cold-water swim stress. During the 15-min period in the cold water, the rats in both groups had similar behavioral responses to the stressor as measured by total swim time, swim distance, and mean swim speed:mean swim time (14.5 Ϯ 0.3 and 12.6 Ϯ 1.0 min in control and 2-DG, respectively), mean swim distance (11,228 Ϯ 952 and 9,431 Ϯ 1,605 cm in control and 2-DG, respectively), and mean swim speed (770 Ϯ 55 and 725 Ϯ 78 cm/min in control and 2-DG, respectively). Statistical comparisons of swim speed, time, and distance for the control and 2-DG groups revealed no significant effect of diet on any of the three measurements. Immediately after the swim stress, all physiological variables were recorded. Immediately after removal from the cold water, body temperature was decreased markedly by 8 -9°C in all rats and then recovered toward the normal level during a 90-min post-swim-stress period; there was no significant effect of diet on body temperature (Fig. 4) . BP was elevated after swim stress in rats in both diet groups. However, the magnitude of the stress-induced increase in BP was significantly less in rats fed the 2-DG diet than in those fed the control diet ( Fig. 4 ; P Ͻ 0.05). There was no significant effect of diet on poststress HR. Rats fed the 2-DG diet showed reduced activity during the post-swim-stress period compared with rats fed the control diet (Fig. 4) .
Effects of dietary 2-DG supplementation on neuroendocrine responses to stress.
The hypothalamic-pituitary-adrenal (HPA) axis is activated in response to stress, resulting in elevations in ACTH and corticosterone concentrations in the blood. At 3 mo after diet initiation, the concentrations of corticosterone (P Ͻ 0.05) and ACTH under nonstress conditions were 20 -40% greater in the rats fed the 2-DG diet than in those fed the control diet (Fig. 5, A and B) . The elevation of plasma corticosterone and ACTH concentrations suggests that the 2-DG diet imposed a mild tonic stress on the rats similar to that observed in rats subjected to intermittent fasting (31) and caloric restriction (33) . However, after 6 mo on the 2-DG diet, the concentrations of ACTH (P Ͻ 0.01) and corticosterone (P Ͻ 0.01) under nonstress conditions were decreased compared with the levels at 3 mo on the 2-DG diet under nonstress conditions (Fig. 5) . After 6 mo on the diets, levels of ACTH in rats fed the 2-DG diet were similar to those of rats fed the control diet, whereas levels of corticosterone in rats fed the 2-DG diet were significantly less than levels in rats fed the control diet (P Ͻ 0.01; Fig. 5) .
In response to a single immobilization stress, plasma concentrations of corticosterone and ACTH were increased in all rats, with no significant differences between the diet groups (Fig. 5, A and B) . In response to repeated immobilization stress, ACTH (P Ͻ 0.05) and corticosterone (P Ͻ 0.01) concentrations remained elevated in rats fed the control diet (Fig. 5, A  and B) . However, rats fed the 2-DG-supplemented diet exhibited a reduced hypothalamic response to the repeatedly applied stressor, as indicated by a significantly lower stress-induced elevation of ACTH than in rats fed the control diet ( Fig. 5A ; P Ͻ 0.05). Because the latter result suggested that rats fed the 2-DG diet more rapidly adapted to repeated exposure to the same stressor, we subjected the rats to a novel stressor, coldwater swim stress. Immediately after cold-water swim stress, plasma concentrations of ACTH (P Ͻ 0.05 or P Ͻ 0.01) and corticosterone (P Ͻ 0.01) were significantly elevated in rats in the control and 2-DG diet groups relative to their concentrations under nonstress conditions at 3 and 6 mo (Fig. 5, A and  B) . The concentrations of ACTH and corticosterone were Fig. 3 . Blood pressure responses to repeated immobilization stress are attenuated in rats maintained on a 2-DG-supplemented diet. Physiological variables were recorded before, during, and after the first immobilization stress or after the last of 5 daily immobilization stress sessions (repeat) in rats that had been maintained for 4 mo on control or 2-DG-supplemented diet. Values are means Ϯ SE (n ϭ 8). Diastolic (P Ͻ 0.05) and systolic (P Ͻ 0.05) blood pressures were significantly lower during and after stress in rats fed 2-DG than in control rats for initial and 5th daily stress sessions. Diastolic blood pressure exhibited a gradually reduced response during 1 h of stress (P ϭ 0.06). Body temperatures responded to immobilization stress as core body temperature increased gradually during the 1-h immobilization stress period, but there was no significant effect of diet on body temperature during or after stress. Activity of rats was not significantly affected by diet.
increased similarly in rats in the 2-DG and control groups. Collectively, these results suggested that the 2-DG diet did not impair the responsiveness of the HPA axis to a novel stressor but did enhance adaptation to repeated exposures to the same type of stress.
Because the sympathetic nervous system plays important roles in stress responses and in the regulation of BP, we measured plasma levels of epinephrine and norepinephrine after repeated immobilization stress and a cold-water swim stress in rats that had been maintained on control and 2-DG diets (Fig. 5, C and D) . The concentration of epinephrine after repeated immobilization stress was significantly lower in rats fed the 2-DG diet than in those fed the control diet (Fig. 5 , C and D; P Ͻ 0.05), whereas there was no difference between the two diet groups in norepinephrine concentrations measured in the same samples. There was no significant difference in epinephrine concentrations after cold-water swim stress between rats fed the control diet and those fed the 2-DG diet. However, post-swim-stress norepinephrine concentrations were significantly greater in rats fed the 2-DG diet than in those fed the control diet (Fig. 5 , C and D; P Ͻ 0.05). No measurements of basal levels of catecholamines were made under nonstress conditions.
Effects of dietary 2-DG supplementation on glucose regulation.
A profile of glucose and lipid metabolism characterized by increased plasma glucose and insulin levels (insulin resistance syndrome) increases the risk of cardiovascular disease (9) . We therefore measured concentrations of glucose and insulin in plasma samples from rats fed the 2-DG and control diets under nonstress and stress conditions. Under nonstress conditions, the concentrations of glucose (P Ͻ 0.01) and insulin (P Ͻ 0.05) were significantly lower in rats fed the 2-DG diet than in those fed the control diet 3 and 6 mo after diets were initiated (Fig. 6) . In response to stress, glucose level was significantly increased in rats fed the control or 2-DG diet compared with the nonstress levels ( Fig. 6A ; P Ͻ 0.01). Fig. 4 . Rats maintained on 2-DG supplementation exhibit lower blood pressure during cold-water swim stress than rats fed control diet. Physiological variables were recorded before and for 2 h after cold-water swim stress in rats that had been maintained for 5 mo on control or 2-DG diet. Values are means Ϯ SE. Mean blood pressure during 2-h post cold-water swim stress was significantly lower in rats fed 2-DG than in those fed control diet (P Ͻ 0.05). Core body temperature was markedly reduced by cold-water swim in all rats initially but recovered gradually during 2 h postswim stress. There were no significant differences in heart rate between control and 2-DG groups after stress. Corresponding to the increase in blood glucose after stress, the plasma insulin level was elevated, with the magnitude of the increase being significantly greater in rats fed the 2-DG diet than in those fed the control diet ( Fig. 6B ; P Ͻ 0.05). Collectively, these findings suggest that rats maintained on the 2-DG diet are better able to regulate blood glucose levels than rats fed the control diet.
DISCUSSION
The data obtained in the present study show that intermittent dietary supplementation with 2-DG has significant effects on cardiovascular and neuroendocrine responses to stress in rats that are similar to those previously reported in a study of rats maintained on an intermittent fasting (every-other-day food deprivation) regimen (31) . Rats maintained on the 2-DG diet exhibited lower BP and HR under nonstress conditions, lower maximum BP and HR responses to repeated stress, and more rapid recovery of BP and HR after stress than rats fed the control diet. The effects of the 2-DG diet on BP and HR under nonstress conditions are similar to those achieved by caloric restriction and regular physical exercise (1, 22, 24, 28, 29) . However, the effects of the 2-DG diet on BP and HR were due neither to increased physical exercise nor reduced energy intake, because activity levels were not increased and food intake was not reduced in rats fed the 2-DG diet. In humans, hypertension is a major risk factor for cardiovascular disease and stroke, and this risk factor can be reduced by regular physical exercise and low-calorie diets. The effects of 2-DG supplementation on the cardiovascular system in humans remain to be established. It is well known that the phosphorylated product of 2-DG, 2-deoxyglucose-6-phosphate, accumulates in tissues in a mathematically definable relation to the rate of glucose utilization by the tissue (26) . When cells are continuously exposed to very high concentrations of 2-DG, its poor clearance can result in cytotoxic effects (6, 15) . In addition, lower doses of 2-DG may have toxic effects due to disruption of thiol metabolism and glucopenia. However, the relatively low amount of 2-DG in the diet fed in the present study did not result in any overt pathology. Indeed, the results of the present study reveal beneficial effects on the cardiovascular system of relatively small amounts of 2-DG in the diet.
Several findings suggest that the 2-DG diet employed in the present study may exert its effects on the cardiovascular, neuroendocrine, and glucose-regulating systems by imposing a mild stress response in the rats. First, it is well known that 2-DG can cause a metabolic stress in cells by suppressing glycolysis, and we previously showed that daily administration of 2-DG (single intraperitoneal injection) upregulates the expression of stress resistance proteins in neurons (5, 13, 35) . Second, nonstress levels of ACTH and corticosterone were increased in rats fed the 2-DG diet, indicating that 2-DG results in a tonic activation of the HPA stress axis, although it is not known whether activation of this stress axis is required for the beneficial effects of 2-DG supplementation on the cardiovascular and/or glucose-regulating systems. Third, 2-DG supplementation mimics some effects of caloric restriction and intermittent fasting, and the latter dietary restriction regimens have been reported to increase the resistance of rodents to several different stressors, including heat and exposure to chemical toxins (7, 13) . Intermittent fasting and 2-DG administration have each been shown to increase the resistance of neurons to oxidative and metabolic stress, and it will be of interest to determine whether 2-DG induces similar changes in cells of the cardiovascular system. Beneficial effects of intermittent fasting on the nervous system may result, in part, from increased production of brain-derived neurotrophic factor and stress resistance proteins (e.g., 70-kDa heat shock protein and 78-kDa glucose-regulated protein) (3, 4, 12) . Because energy restriction has been shown to induce an increase in levels of heat shock and other stress proteins in heart cells (12) and can protect the heart against ischemic injury (16) , it might be expected that similar cytoprotective responses occur in heart and blood vessel cells of rats fed the 2-DG diet. In this view, dietary supplementation with 2-DG induces a preconditioning response that increases the resistance of cells to injury and disease.
The insulin resistance syndrome is becoming increasingly prevalent in modern societies as food intake increases and exercise decreases. Plasma insulin and glucose concentrations were lower in rats fed the 2-DG diet than in those fed the control diet. Similar changes in insulin and glucose levels occur in rats and mice maintained on dietary restriction regimens and are indicative of increased insulin sensitivity (8, 33) . We previously found that intermittent fasting (every-other-day food deprivation) without caloric restriction causes decreases in circulating insulin and glucose concentrations that are as great as or greater than a 40% caloric restriction (1) . The latter observation suggests that an intermittent energetic stress can have beneficial effects on glucose metabolism that are independent of caloric intake and provide a rationale for the every-other-day 2-DG diet (intermittent energetic stress) employed in the present study. While decreasing plasma glucose and insulin concentrations under nonstress conditions, 2-DG did not compromise the ability of the rats to elevate glucose and insulin levels during stress, indicating that the decreased insulin levels under nonstress conditions did not result from impaired ability of pancreatic cells to release insulin.
The ability to resist or adapt to stress is increasingly recognized as an important factor in resisting various diseases, including cardiovascular disease and diabetes (21, 30) . After repeated daily sessions of immobilization stress, rats fed the 2-DG diet exhibited reduced ACTH and corticosterone responses to stress, suggesting that they had adapted to the stress. The mechanism underlying this adaptation remains to be determined and could involve changes in brain, hypothalamus, pituitary, and/or adrenal gland. We recently reported similar effects of an intermittent fasting regimen on neuroendocrine stress responses in rats (31) . The responses of the sympathetic nervous system to stress and the ability of rats to mobilize glucose in response to stress were maintained in rats fed the 2-DG-supplemented diet. Thus it appears that 2-DG supplementation greatly improves cardiovascular risk factors (reduced BP and glucose and insulin levels) under nonstress conditions and reduces the hypertensive effects of acute and repeated stressors, while allowing normal activation of sympathetic and energy-mobilizing responses to stress. The magnitude of the effects of dietary supplementation with 2-DG on BP, insulin, and glucose levels documented in the present study is equal to or greater than that previously obtained with exercise-training regimens in rats and humans (2, 10, 25) .
The purpose of the present study was to determine the effects of the 2-DG-supplemented diet on cardiovascular and hormonal stress responses in rats. However, this 2-DG diet regimen undoubtedly has effects on cells throughout the body; therefore, it will be important to characterize those effects and to determine which are beneficial and which are detrimental. Our findings in rats cannot establish clinical safety in humans, and further studies are required to identify possible adverse effects of chronic 2-DG dietary supplementation before such a regimen can be applied to humans.
